Objective: To investigate the role of different cellular types (epithelial and stromal endometrial cells and peritoneal cells) in the ectopic implantation of endometrium and to evaluate the importance of endocrine environment on the adhesion of endometrial cells to the peritoneum.
endometrial cells or that of the mesothelium in the development of endometriosis is not yet established. Although various models have been developed in mice to study endometrial adhesion to the peritoneal lining, most investigators used fresh endometrial fragments (6, (8) (9) (10) or organ cultures (11, 12) . Until now, the use of dispersed cells was not successful (13, 14) and hormonal environment was never taken into account.
The present study is original in its use of mixed cultures of stromal and epithelial endometrial cells or cultures of isolated pure epithelial or stromal endometrial cells. Our aim was to evaluate the adhesion of those cultures to the peritoneum of nude mice after intraperitoneal injection. The influence of steroid hormones (E 2 and progestin) was determined either by preincubating cultured cells before animal injection or by treating recipient mice. We provide evidence that optimal in vivo endometrial cell adhesion to the peritoneum requires both epithelial and stromal cells pretreated with E 2 . The addition of progestin did not counteract the effect of E 2 . Interestingly, the hormonal status of recipient mice did not influence the percentage of endometrial cell adhesion.
MATERIAL AND METHODS

Endometrial Samples
Human endometrium was obtained by biopsy aspiration from nonmenopausal women, 32-45 years of age, undergoing hysterectomy or laparoscopy for benign gynecological indications (subserosal leiomyomata, elective tubal ligation) and who did not receive any hormonal treatment. None of the patient had endometriosis. Nine different human samples have been used. Endometrial samples obtained throughout the menstrual cycle gave rise to similar results (five were in the proliferative phase, days 4-13, and four were in the secretory phase, days [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Approval for this study was obtained from the Institutional Review Board of the University of Liège (Liège, Belgium).
Cell Culture and Treatment
Biopsy specimens were placed immediately in ice-cold Hanks' Balanced Salt Solution (HBSS) supplemented with penicillin-streptomycin (100 IU/mL) (Gibco Life Technologies, Gaithersburg, MD) for transport to the laboratory. The tissue was gently trimmed into small pieces (1-3 mm 3 ), washed in fresh medium, then incubated for 30 minutes at 37°C in a shaking bath in HBSS containing 0.1% collagenase type IA (Sigma, St. Louis). At the end of the incubation, cell clumps were mechanically dispersed by aspiration through a Pasteur pipette. After centrifugation, cells were collected in Dulbecco's modified eagle medium (DMEM)/ F12 (Gibco) and plated onto plastic 75 cm 2 T-Flasks (Nunc, Roskilde, Denmark) at 37°C in 95% air/5% CO 2 . Cells were maintained in DMEM/F12 supplemented with 10% desteroidized fetal bovine serum (FBS) (Gibco), penicillin-streptomycin (100 IU/mL), 5µg/mL fungizone, 4 mM L-glutamin, 20 mM Hepes, 10 µg/mL insulin, 5 × 10 -6 M hydrocortisone, and 2 ng/mL epithelial growth factor (Sigma). After 3-5 days of culture, when cells became confluent, they were collected after detachment by trypsin-EDTA treatment and diluted to obtain a final concentration of 1.10 6 cells/100 µL of serum-free medium. We therefore used primary cell culture and no passage was performed before injection to recipient animals. Hormonal treatments of cells were performed by culturing cells for 48 hours before injection to recipient animals in the presence of E 2 (10 -8 M) and/or progestin (nomegestrol acetate, 10 -7 M). Nomegestrol acetate was obtained from Theramex (Monaco) and used in place of natural P because of its slower metabolization in culture.
Cell Purification
After enzymatic digestion, the cell suspension was filtered through a 250 µm sieve in polypropylene (Sefar, Ruschlikon, Switzerland) to remove mucous material and undigested tissue. Cells were suspended in 10 mL fresh DMEM containing 10% FBS. Single stromal cells were separated from clumps of epithelium by a 30-minute period of differential sedimentation at unit gravity. The top 8 mL of medium (containing predominantly stromal cells) was slowly removed, and cells were collected by centrifugation (300 g). The stromal cells were again resuspended in 10 mL of fresh medium and sedimentation was repeated. Stromal cells from the second sedimentation were filtered through a 40-µm nylon mesh filter (Becton Dickinson, San Jose, CA) to eliminate any remaining clumps of epithelial cells and allowed to adhere selectively to 25-cm 2 tissue culture dishes for 20 minutes, at 37°C, in 95% air/5% CO 2 . Then the nonattached epithelial cells that were still present were removed and a purified stromal preparation was obtained.
For epithelial isolation, the bottom 2 mL of the first sedimentation media was collected and submitted to a second enzymatic digestion with 0.5% collagenase, 0.1% hyaluronidase, 0.1% pronase, 0.02% DNAse, and 2% FBS in HBSS, at 37°C. After 20 minutes of digestion, the epithelial preparation was washed and layered over 10 mL of fresh medium for two more 30-minute sedimentation periods. The bottom 2 mL of sedimentation media was filtered through a 40-µm nylon mesh filter (Becton Dickinson, San Jose, CA), which retained epithelial cells. Purification of epithelial cells was achieved by allowing stromal cells (that attach rapidly to plastic) to adhere selectively to 25-cm 2 tissue culture dishes for 30-40 minutes, at 37°C, in 95% air/5% CO 2 . Nonattached epithelial cells were collected and plated onto plastic culture dishes (15) (16) (17) .
For immunohistochemical analysis, stromal and epithelial cells cultured on 13 mm diameter Thermanox coverslips (Nunc, Naperville, Illinois) in 24-well plates were fixed with methanol at -20°C.
Injection of Human Endometrial Cells into Nude Mice
Eight-week-old female ovariectomized BALB/c nu/nu mice (Iffa Credo, L'Arbresle, France) were used. Hormonal treatment consisted of implantation of subcutaneous 60-day release pellet of E 2 and/or nomegestrol (Innovative Research of America, Sarasota, FL), the day before cell injection. Human cells (1.10 6 in 100 µL serum-free medium) were injected intraperitoneally with tuberculin syringes through 18-gauge needles. Mice were sacrificed 2 weeks later, and the abdominal peritoneum was removed from the level of the xiphoid superiorly to the pubic symphysis inferiorly. Peritoneum was extended laterally to the 3 and 9 o'clock positions and maintained flattened during formalin fixation, dehydration through graded ethanol, and embedding in paraffin. Histological and immunohistochemical techniques were used on five serial micrometer tissue sections to demonstrate the presence of endometrial cells attached to peritoneum. The entire peritoneum was sectioned and observed to detect any endometriotic-like lesion. Take rate was defined as the presence of endometriotic-like lesions consisting of glandular structure surrounded by stromal cells.
Immunostaining
Stromal and epithelial cells in culture were identified by classical immunocytochemistry using monoclonal antibodies raised against human cytokeratin 8-18 (Becton Dickinson, San Jose, CA) or human vimentin (clone V9, Dako, Glostrup, Denmark), respectively. Cell identification on tissue samples was performed by classical immunohistochemistry using a monoclonal anti-human cytokeratin/HRP or a rabbit anti-human P receptor both purchased from Dako (Glostrup, Denmark). Negative control included sections stained with a nonimmune serum in the absence of the primary antibody. Slides were reviewed by an anatomopathologist. To compare the histological appearance of endometriotic lesions developed in nude mice with those of women, a typical peritoneal endometriotic implant was obtained from a patient undergoing laparoscopy for infertility. a Number of mice with endometriotic-like lesion/number of injected mice. Endometriotic-like lesions were detected by histological analysis of mice peritoneum 2 weeks after cell injection into nude mice supplemented with E 2 , as described in the Material and Methods section.
Figure 1: Morphology of mixed or pure cultures of epithelial and stromal endometrial cells. A, Mixed populations of stromal (arrow) and epithelial (double arrow) endometrial cells were cultured in vitro (x100). B, Immunoperoxidase staining with an antibody against cytokeratins 8-18 revealed positivity in epithelial cells (arrow) surrounded by negative stromal cells (x100). C, Immunoperoxidase staining with anti-cytokeratins 8-18 in monoculture of purified epithelial cells (x200) (black arrow). D, Immunofluorescence staining with antivimentin antibody in monoculture of purified stromal endometrial cells (x200) (white arrow).
Statistical Analysis
Fisher's test has been applied to the results. P< .05 was considered statistically significant.
RESULTS
• In vivo adhesion of human endometrial cells to mice peritoneum required both epithelial and stromal cells.
• Mixed cultures of stromal and epithelial endometrial cells consisted of epithelial cell clusters surrounded by stromal cells (Fig. 1A) . Epithelial cells accounted for 10%-20% and stromal cells for 80%-90%, as assessed by immunostaining (Fig. 1B) . Monocultures of epithelial endometrial cells or stromal endometrial cells were obtained after cell separation according to the procedure described in Material and Methods. In these conditions, cell purity was higher than 95% ( Fig. 1C and 1D ).
• To evaluate the capacity of pure epithelial cells, pure stromal cells, or mixed epithelial and stromal cells to adhere in vivo to mice peritoneum, pure populations or mixed cultures, containing 1 million cells, were injected intraperitoneally to E 2 -supplemented mice. Histological examination of mice peritoneum revealed that no adhesion of endometrial cells was observed when epithelial or stromal cells were injected separately. In sharp contrast, endometriotic-like structures were detected in 50% of animals injected with mixed populations of stromal and epithelial cells (Table 1) . No difference in terms of attachment has been detected regardless of the day of the cycle on which the endometrium was taken.
• The endometriotic-like lesions observed in mice were characterized by a glandular structure lined with a cuboidal epithelium with some areas of ciliated metaplasia surrounded by cytogenic stroma containing few hemosiderin-laden macrophages. Such morphology was similar to that seen in women with peritoneal endometriosis (Fig. 2) . The human origin of cells detected in the endometriotic-like structure in mice was demonstrated by specific staining with species-specific anti-human cytokeratin (Fig. 3A) and anti-human P receptor antibodies (Fig. 3C) . A negative control showed the background staining of surrounding cells (Fig. 3B ).
• Pretreatment of endometrial cells with E 2 , but not progestin, promoted in vivo adhesion
• Mixed cultures of stromal and epithelial cells were treated with progestin, E 2 , or E 2 and progestin for 48 hours before injection into mice. The recorded rate of endometriotic-like lesion was 25% without any cell treatment. Cell pretreatment with progestin did not affect this take rate (P >.05). Preincubation of cells in culture with E 2 gave rise to a significant enhancement of this take rate (66% in the presence of E 2 versus 25% in the absence of hormones) (P<.05). A combined treatment with E 2 and progestin neither potentiated nor reduced the effect of E 2 on endometrial cell adhesion to mice peritoneum (70%) ( Table 2 ).
• The mice hormonal status did not influence endometrial cell adhesion in vivo.
• We next evaluated the influence of the hormonal status of recipient animals on endometrial cell adhesion to mice peritoneum. Before cell injection, ovariectomized mice were implanted with a pellet of progestin, a pellet of E 2 , or both. The results presented in Table 2 demonstrate that the hormonal status of the recipient animal did not affect the rate of endometriotic-like lesions (P >.05). Furthermore, it did not influence the histological aspects of these lesions (data not shown). Endometriotic-like lesions were detected by histological analysis of mice peritoneum 2 weeks after injection of mixed populations of human stromal and epithelial endometrial cells. I: Untreated mixed stromal and epithelial cell cultures were injected into untreated animals. II: Mixed stromal and epithelial cell cultures were preincubated with P, E 2 , or both (E 2 + P) before IP injection into nude mice. III. Mixed stromal and epithelial cell populations were injected into mice implanted with a pellet releasing P, E 2 or both (E 2 + P). a Number of mice with endometriotic-like lesion/number of injected mice. b P<.05 versus control group.
Figure 2: Comparison between endometriotic cyst stained with hematoxylin-eosin in woman with peritoneal lesion of endometriosis (A, x50; B, x400) and endometrial-like structures detected in nude mice injected with mixed populations of human stromal and epithelial endometrial cells (C, x50; D, x400).
Figure 3: E 2 -supplemented nude mice were injected with a mixed population of human stromal and epithelial endometrial cells. Immunoperoxidase stainings of human endometriotic-like lesions were performed with monoclonal species-specific anti-human cytokeratin/HRP (A), negative control (B), and rabbit anti-human P receptor (C) (A and B, x200; C, x400).
DISCUSSION
Ectopic implantation of endometrial glands and stroma after retrograde menstruation is the most accepted theory of the pathophysiology of endometriosis (2). Sequentially, it involves (1) the dissemination of viable epithelial and stromal endometrial cells during menstruation via the fallopian tubes onto the abdominal cavity and (2) the implantation of these cells into the peritoneum leading eventually to endometriotic lesions. Endometrial tissue in peritoneal fluid consisted of glands with stroma, as well as of separated cells (18) . For obvious accessibility reasons, endometriosis is very difficult to study in the affected patients, and animals, except primates, do not suffer from endometriosis. Therefore, the development of models of endometriosis is a prerequisite for addressing the disease etiology. Ideal models should take into account the different compartments involved in the development of endometriosis, namely, epithelial and stromal cells and the peritoneum.
Here we have attempted to evaluate the respective role of these different cell types in the ectopic adhesion of endometrial cells to the peritoneum and in the formation of endometriotic-like lesions. Previous morphological studies, using fresh fragments of endometrium, have described the adhesion of epithelial and stromal (10, 11, 19) . According to these studies, stromal cells are involved in the attachment of endometrial glandular cells. None of these studies were performed with isolated stromal and/or isolated epithelial cells.
We demonstrate for the first time that epithelial cells are unable to adhere and reorganize into structured glands without the presence of stromal cells. These data suggest that paracrine interactions between epithelial and stromal cells play a key role during endometrial ectopic implantation. According to the study of Nisolle et al. (10) , the adhesion of endometrial stromal cells represents the initial step in the endometriosis process. One can speculate that such cooperation between epithelial cells and stromal cells involves a cross-talk between the two cell types through the secretion of growth factors, cytokines, and/or chemokines (20) . Alternatively, the contribution of stromal cells to epithelial cell adhesion could be the secretion of extracellular matrix components or the release of proteases leading to extracellular matrix remodeling and formation of an appropriate microenvironment for epithelial cell implantation, proliferation, and organization into endometrial glands. Such epithelia-stromal cooperation has been demonstrated for the implantation of tumor cells in an ectopic site (21) (22) (23) .
In the second part of our study, we examined another putatively important factor for the development of endometriosis: the hormonal status of endometrial cells and that of the recipient animals. Here we clearly show that pretreatment of cells with E 2 promoted the lesion take rate, while pretreatment with progestin alone did not affect cell implantation. These data are in agreement with those reported by Bruner et al. (12) . However, their data differ markedly from ours regarding the combination of E 2 and progestin. Indeed, they recorded a dramatic inhibitory effect when endometrial expiants pretreated with combined hormones were injected in vivo. In contrast, in our experimental conditions, progestin did not affect the effect of E 2 on endometrial cell adhesion. One possible explanation for such a discrepancy is that, in three-dimensional expiant cultures, the E 2 plus P could trigger mechanisms other than that in monolayer cell culture.
One major finding in our study is that pretreatment of endometrial cells with E 2 influenced lesion take rate, while administration of hormones to recipient animals had no effect. This observation emphasizes a crucial role of the endometrial cell hormonal status for cell adhesion.
In women, lesions corresponding to the early stage of endometriosis are well vascularized (24) . The endometriotic-like lesions observed here after injection of endometrial cells did not show any neoangiogenesis. Factors other than sex steroid hormones probably play a key role in the growth and spreading of endometriosis. Local growth factors could regulate cell proliferation through autocrine or paracrine interactions (25, 26) .
Altogether our data demonstrate that nude mice are convenient recipients to study early implantation events. However, the mouse peritoneal environment is unlikely to provide all the paracrine angiogenic stimuli required for successful neoangiogenesis. Nude mice are suitable recipients for human tissue transplantation because they lack the defensive T-lymphocyte system and therefore present low ability of cell-mediated immunity. Nevertheless, we are aware of the limits of this model since thymus aplasia could also influence the presence of growth factors and cytokines in the peritoneal fluid.
In conclusion, our results give new insights into the understanding of endometriotic implantation. First of all, dispersed mixed endometrial cells are able to attach onto the peritoneum and lead to endometriotic-like lesions. Our data emphasize the importance of cooperation between epithelial and stromal cells for peritoneal implantation. Finally, E 2 pretreatment of cells but not of recipient animals improves the development of endometriotic lesions.
